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1) Introduction

The large e+e- storagé ring PETRA has been operated during 1979 in the energy
range from 2x6.0 GeV to about 2x16 GeV. By adding more rf cavities it is hoped
that in 1980 the energy can be increased to about 2x19 GeV. The DESY synchro-
tron is used as injector for electrons and positrons and originally DORIS has
been operated as positron accumulator. Since the interest in using DORIS for
elementary particle physics and for synchrotron radiation physics is very high,
a new little ring PIA (Positron Intensity Accumulator)} has been brought into
operation in June '79 and hence DORIS wiil resume its own research programme

in fall *'79,.

The four experiments PLUTO, TASSO, MARK J and JADE are installed in four inter-

action regions (Fig. 1). By the end

of '79 PLUTO may be replaced by CELLO. -
AF-naiisH

About 270 physicists are engaged in
these experiments, about half coming  Jurga Bl o i/ o7
from other countries, which include
mostly European countries, but also
groups from USA, Japan, Israel and

China.

Naturaliy all experiments were en-

gaged in the most interesting topics

Fig. 1: The DESY site

and one may state with satisfaction
that their results agree. However, because of different experimental condi-
tions and ensuing differences in the evaluation of the data it is not always
possible to present corresponding data in the same graph. In such cases

the data of only one experiment will be presented here, and it should be born

in mind that more data exist than those shown here.
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2) Validity of QED and Tepton

universality

et

The angular dependence of elastic e'e”
(Bhabha) scattering has been measured
by ail experiments as a function of

energy. As an exampile the resu]tsz)
of JADE are shown in Fig. 2. If one

plots s-do/d {cosS| the data for diffe-

rent c.m. energies V5 should fall on

top of each other which is indeed ob- ¢ 02 “ﬁ(mssﬂﬁ 1.8 10

Fig. 2: s-do/dn for e'e” + e'e” and
ete” ~yvyas function of the
. . angle with respect to the in-
with the QED expectation. JADE has coming beam for four diffe-
rent enercies /5.

served. The results agree very nicely

+ -
also observed the process e'e - vy

which also is in agreement with QED.

MARK § has also measuredl) the cross section for e+e'+ u+p" and
efe > 17" {Fig. 3}. The angular distribution of these processes agree with

the QED predictions for e+e* - u+p" providing evidence for lepton universatity.

. T T
MARK J eerer—1T
\ oee =y
Fig. 3: The cross section for
- ete~ s *y= and

AN
1000
,/2%\)&{ ete” > t*:= as function
PLUTO ?\é{j/ﬂze"—-kﬂf} of the c.m. energy /'3
~
) <
i

as measurad by

MARK J.
~ T
100k J I .

a{pb)




To express the validity of QED in a2 quantitative form one has to introduce
form factors, e.qg.

F=1 :—-5£i————

g%- AL

where q is the momentum transfer and A* is a cut-off parameter. The
following table shows the A-values obtained by the MARK J experimentl).
These values imply that the leptons e, y and t behave like point-1ike
particles to distances of about 10'16 cm, a thousand times less than the
radius of the proton. It has also been showna) that from the cut-off para-

+ + - . . N
meters for e'e =y 1 interesting restrictions for the masses of the neu-

tral gauge particles of weak interactions can be derived.

Table 1: Lower 1imits (95 % C.L.) for the cut-off parameter

electron mucn tau
A= 95 97 53
+ cut-off  (GeV)
A
74 71 47

3)  Total hadronic cross section, multipliicities and inclu-
sive spectra

Results for the total hadronic cross section have been obtained by the four

experimentsz’3’5’6’7’26’30)

up to c.m. energies of 31.6 GeV. The
PLUTC detector previously working at DORIS has covered the range from 3
to 31.6 GeV, the largest span of energies investigated by a single

detector.



The ratio R = (e+e_ =~ hadrons) / (e+e_ =t

) is shown in Fig. 4. The fuli

lines correspond to the theoretical expectations for different quark charges
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Fig. 4: The ratio R =otge({e’e” ~ hadrons) / ole’e” - 1"u7) as function

of the c.m. energy W = /5.

Qi including QCD corrections according to R = 3 Z: Qﬁ kl + as/n). The

3

data in the PETRA energy range are consistent with the prediction in-

cluding a b-quark. There is no evidence for the opening-up of a new thres-

hold corresponding to the t-quark with charge 2/3. Unfortunately the

accuracy of the absolute normalization (10-15 %) is not good énough to test

the QCD corrections which weuld re-

quire an accuracy of better than 3 %.

In Fig. 5 the average charged multi-
piicity ic presented as a function

6f the c¢.m, energy. Whereas it seemed
that in the energy range investiga-
ted previously the multiplicity in-
creased Togarithmically, the PETRA

results show that above 10 GeVy the

AVERAGE CHARGED MULIPLICITY

Fig.
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rise is faster indicating the presence of a term {Ins)®. A good fit can also
be obtained by the functions s_1/4 which is preferred by some theoriess). It
is remarkable that the charge multiplicity in e"e” annihilation has a very

similar behaviour than that of pp interactions; except that there is a diffe-

rence in magnitude of about 1 unit.

With respect to inclusive particle production an identification of different
kinds of particles has not been achieved yet. Hence only spectra for all
charged particles have been measured so far. In Fig. fa the invariant cross

section as a function of rapidity is presented3). Bs one notices the rapidity

| = T - . - .
© ! ‘ | j plateau gets longer with increasing
etae o T
?w';%ﬁaf %o -1 ener hich 1 ected. But
_ L T S e, - energy which is expected. But one sees
_:: nnnz'-O ! . .
S |00L- % ", %?g ‘§ - that the height of the plateau near y=0
= E o ._ l 3 .
_ I %Daﬂ | ‘ L 3 also rises with energy. This is related
< - a i -
— i ¢ '. o *X —
.0 o " | | to the fact that the average multiplicity
o (0 4 aggev ¢ =
> E .iize:}ﬂAC*BL ] '3 increases faster than In s (see Fig. 5).
- ! C 13.0GeV © :
= F X 17.0 GeviTASSD y " In Fig. 6b the invariant cross section
: 27.6 ‘ Prelimingry
“!C?E- g oY) g E has been plotted as function of Y-Y . .
r . ; 10 g ' ‘ ‘ ‘ i
'}_ ] - o-.'. *
. - s Yined, ]
IGB" ; | : j v TeN ”l
0 | 2 3 4 5 8% ™= §
Fig. 6a: Y =05 LoglE+RIV(E-R) t - +q"i 3
a = nd -
Rapidity distributions for charged par- < - %;% -
ticles assuming m = my, measured at 13, G ‘o1
17 and 24.7-31.6 GeV by TASS03). For TUE s e g E
comparison data at 4.8 and 7.4 GeV by 8L 5 oee M-
SLAC-LBL. ) : x |7.b5ev]‘rnsso * j
E IO—EE . ;T‘: GCVJ Preliminary ¢é'
Fig. 6b: F &
Rapidity distributions3) ({same as in F 1
Fig. 6a) plotted as a function of Gl , _ l 1 ;
Y'Ymax. -6 5 4 3 -2 | e}
Y- Ymex.

One observes that for Y values close to Ymax the data scale within the

experimental errors.



Finaily, in Fig. 7 the invariant cross *Ozt ! T 7 T ' l E
sectionB) is piotted as functicn of e 5 GeV DASP 3
‘Lﬂ o074 GeV SLAC-LBL -
the normalized momentum x = P/ Prgam: - d§+ ;:ig:: Tacsg .
~ 1o'Lo t* "274-316 GeV TASSO |
The data scale for x > 0.2. This is % '9'Z° d'#.é P iminry
it Nt 3
expected on the basis of the simple a t %f i%?éi‘ ]
2 5 _ ;
parton model. QCD effects would lead CO ?**;I
. . . , z IOO‘E bl e
to a breaking of this scaling. How- ] c ol 3
- 4
ever, QCD effects are too small to be ” t *%ﬁoi% ]
| -
detectable with the presently achie- L \¢ A
on . =
ved accuracy. For x < 0,2 the cross E 3
]
section increases with energy, the O DU S S B SR G
C 0.2 0.4 Q.6 0.8
data at 13 GeV being larger than at Pig. 7: Xp= P/ Egaam

The cross section s-do/dx (x = P/E )
the other energies. Part of this in- for inclusive charged particle progeam

duction measured in the TASSO experiment
crease s due to the opening up of at 13, 17 and 27.4-31.6 GeV and at 5 GeV

(DASP) and 7.4 Gey (SLAC-LBL)
the b-threshold and it is associated to the

rise of the rapidity plateau (¢cp. Fig. 6a).

4} qq - jets and search for the t-quark

At high energies the predominant production process for hadrons is the
creation of a qg pair and because of confinement these two particles dis-
integrate into normal hadrons. If the total ele” energy just corresponds to
twice a particular quark mass these qg pairs are nroduced practically at rest
and hence they decay more or less isotropically. If on the other hand the c.m.
energy is much higher than a particular quark threshold therquarks are pro-
duced with high velocities and due to the Lorentz-transformation the frag-
mentation products will appear as jets in the c.m. system. The jets will
become the more pronounced the higher the energy if the transverse momentum

of the particles with respect to the jet axis is independent of energy. This

seems to be borne outg)by haaron-hadron interactions and deep inelastic



scattering where it was found that a reasonable parametrization of the
probability of a quark to disintegrate into a particle with momentum p
is given byg)
,
f(z, = . -(p|20)
(z:p,) = D(z) - ¢ %
where z = p/q is the fraction of the original quark momentum gq and the

transverse momentum distribution is characterized by g,

If the quark spin is 1/2 one expects an angular distribution of the jet axis

with respect to the incoming beam of the form
do/dlcoss| =1 + cos?s + P? sin?8 cosZe

where P is the transverse polarization of the beams. If the quark spin were

zero the angular distribution would be propoertional to sin?e.

n order to characterize the jet-like topology of events a number of va-
riables are used. Most commonly used are the sphericity S and thrust T

which are defined as

L
——

3 min % p?
7 Lp3

maxz1pﬁ"5
T— —Z—r——'r——‘——

1Py

where the summation goes over the particles,

The definition implies that an axis of the jet is determined which mini-
mizes Zp§$_ or maximizes le1“} , respectively. pii_and p:y, are the
transverse and longitudinal momenta with respect to this axis. Theorists
prefer T since it is a quantity linear in the momenta and hence free of
divergencies in field theories. The analysis of the experimental results
has shown that in most cases it does not matter much which of these quanti-
ties is used. For small values of S one has approximately 1 - T = S and

S is related to the opening angle § of a jet by S = (3/2)<§*>. For collinear



events S+ 0 and T - 1, whereas for spherical events S > 1, T » 1/2.
It the fragmentation of quarks is characterized by a constant p, one would

expect that with increasing energy S~ 1/W2 where W s the c.m. energy.

The experimental results can be summarized in the following way. The angular
distribution3) of the jet axis with respect to the incident beam is in agree-
ment with the expected l+cos?c distribution expected for spin 1/2-quarks
(Fig. 8). Recently a transverse polarization of the beams in PETRA has been
observed at high energies which is due o the emission of synchrotron radia-~
ticn. In Fig. 9 the azimuthal distribution of the thrust axis is shown, as
observed by JADEz). It agrees nicely with the formula given above and corres-

ponds to beam polarizations of (85 : 15) %.

The average sphericity < S>=1 - <T> as function of the c.m. energy is pre-

cented?-6511,26,27)

in Fig. 10. Quantitatively one finds that indeed <S> de-
creases with increasing W = Vs {mp1ying that the 2-jet character of the events
becomes more pronounced. However, at large energies <S> does not decrease like
1/W* as expected in the naive jet model described above but the dependence is

approximately like 1//W. This is in agreement with the QCD expectationzg).

Around 4 and 10 GeV steps in<S>are observed because of the opening of the
charm and bottom threshold, respectively. A much larger step is expected for
the t-guark threshold since this quark is supposed to have charge 2/3 and
because of its high mass the Lorentz boost is small. No such step is seen
1hp1ying that the tt-threshold is higher than about 32 GeV. This does not
yet exclude bound tt-states 1 or 2 GeV below this Timit since they have a

very narrow width and could have been missed. In order to clarify this point
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a fine scan (in steps of 20 MeV) is planned *) for the region between
30 to 32 GeV. In 1980 it is hoped to bring the PETRA energy up to 38 GeV

and a search for the t-quark in that region will be carried out.

In Fig. lla the distribution of T-values at different energies are shown
as an example and similar results were obtained by other experiments3’30).
They are compared to the expectations of the Feynman-Field fragmentation
mode19) which has been extended to take into account the fragmentation of
the ¢ and b quark in addition to u, d and s. For the highest energy of
31.6 GeV the thrust distribution including the t-quark is also shown. The

data are not in agreement with the opening-up of the tt-threshold but rather

= T T T T T -
Pra)ys =13Gev [bWs=17 Gev  |e)Vsz22Gev T
g- - -
a_
7 7 -
ok I i Fig. lla:
Tio 5 7] The thrust distributions as mea-
ml=oer ] suredS,6,13) by MARK J at diffe-
1 S\ ] rent energies. The solid curves
i L 1 are predictions based on u,d,s,
¢ and b quarks.

05 06 07 OB 0%1005 lllfir _?éﬁ%?sTQQ ‘r,OIO_SO.B 07 08 05 10 The dashed curve -;nc] Udes the

T o t-quark contribution,
12b-d)Ys=27GeV  |e)/s=30Gev | IE=316G G
- combined —-with toF
—without top

Z| =
20 g

~lz L

§ TOP
¥ ] §§ ' A IJ:IE;‘I

1 iF 4 L 1 A i " I 1 1 b
050807 0808100506 07 08 0.51.005 05 07 08 00 10
THRUST

FIG. 11a

¥) Note added in proof: a scan has been carried out from 29.90 to 31.46 GeV,

12)

giving no evidence for a bound tt-state. The limit is Ty, * B <1.6 keV.
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corroborate the absence of the t-guark as established from the average

<S> distribution.

A closer inspection of Fig. 1lla shows, however, a trend of the data to 1ie

somewhat high at the left tail of the T-distribution. To clarify this point

the data (with a somewhat more rigorous cut on the visible energy) are com-

pared to theoretical distributions including the emission of aluons (Fig. 1ib).

12} V5 =27 Gev Vs =30 Gev Ve =316 Gev

combined

10

--with gluons Fwith gluens --with giucns
—without —without gluore’|l | —withoul glu
§ I Qluons B
6 -
L b
r . L
oy .
*A ; £
It ; : . ; - . .
0506 C7 0.6 09 100506 07 0809 10050607 080910
THRUST
Fig. 11b:

The thrust distributions as mea-
sured?:6513) by MARK J at diffe-
rent energies.

Data at higher energies (and
somewhat different cuts than

in a)). Full curves: predictions
for u,d,s,c,b quarks without
gluon emission,

dotted curve: with gluon
emission.

The excess of events at low thrust can
very well be explained by gluon emis-

sion and cannot be regarded e.g. as

an indication for the existence of an-

other quark with charge 1/3.

There is no real theory to predict the
mass of the t-quark. Many guesses

have been made, however, and most pre-
dictions center around an energy of
about 28 GeV for the lowest bound tt-
state. Indeed, it is tantalizing that
the ratios between the lowest bound
states {cc) / (ss) = 3.037 and

(bb) / (ce) = 3.054 are so close to-
gether and assuming (tt) / (bb) = 3.04
one arrives .at (tt) = 28.8 GeV/c”. Si-
milar values have been obtained from
estimates involving weak mixing angies
As mentioned above, such a bound state

near 28 GeV cannot be excludedbefore

14)
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a scan has been made ), but its existence seems unlikely. From considera-

14)

tions involving higher symmetries the relation

7~ 7
mt) _ fm{u) - m{c
méB; - \jm dy - m(s
has been derived which would result in a mass (tt) = 54 GeV/c? lying beyond

the PETRA energy range.

5) Evidence for gluons

A crucial test for quantum chromodynamics (QCD) is the existence of gluons,
the field quanta of the strong interaction. Since gluens Tike quarks carry
cotour charge it would not be possible to observe free gluons if only colour
neutral objects exist in nature ('confinement*). One expects that gluons
would fragment into ordinary hadrons analogously to quarks. However, a gluon
can be considered to fragment in a first step into a qq pair which then would
disintegrate into hadrons. Consequently the gluon jets are expected to have

a higher multiplicity and lower average momentum for a given energy.

There are two possibilities to observe gluon jets both of which have been
exploited recently:
A) The decay of a bound vector state into 3 gluons V + 3 g. In analogy
to orthopositronium a spin 1 state decays into at least 3 field guanta, but
not 2. The gluon jets will be the more pronounced the higher the mass
my is since the more energy will be available for each jet. A heavy
tt state would be an ideal source for 3 gluon jets. As long as it has
not been found the Y particle with my = 9.45 GeV/c? offers the only

possibility.

*) See footnote on page 10.
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B) Because of the analogy between QED and QCD a fast quark should be
able to emit gluon bremsstrahiung in a similar way as an electron
emits electromagnetic bremsstrahlung. A favourable possibility to
Jook for gluon bremsstrahlung are 2 quark jets at high energies.
If the quarks are produced with sufficient energy there is a chance
that one of them produces a gluon. In the first instance this would
broaden one of the quark jets and finally if emitted at a large enough
angle with respect to the guark momentum a 3-jet pattern should

evolve,

A) __Three_gluon_decay_of _the Y

The direct decay of the Y particle into hadrons has been observed at DORIS I1

15) 16)

(single ring operation), by the experiments PLUTQ aﬁd the

17)

, DASP II
Nal-lead glass detector™’/. The latter two experiments have also obtained
data for the Y'. The experimental details cannot be discussed here and

neither the subtraction procedure for the 2 jet-continuum underneath the

resonance (seell)).

Since only 9.45 GeV are available in total the average jet energy 1s only
about 3 GeV. With such a low energy one cannot expect 3 pronounced, well
separated jets, but rather they will overlap considerably. As a consequence

an elaborate statistical analysis is required to find the 3-jet structure.

Various kinematical variablies have been introduced for that purpose. One of

1lo)

them is triplicity T3 which is a generalization .of thrust to 3 jets

T3=max{|z:1 pi!“‘ lczz PH + 1?3:3 pil}/glﬂpil'

It ranges from T, = 1 (perfect 3 jets) to T, =3 /378 = 0.65 (spherical

event).
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The particles are grouped into 3 non-empty classes Ci‘ The classes Ci
yielding the maximum T3 are identified with the 3 hadron jets. Once the three

jets have been determined in this way the anule between 2 jets or the energy

o7 each jet can be used as variables.

The PLUTO resu]tsll) for the direct Y-decays are shown in Fig. 12. In the

same figure results are included which were taken Just off the Y-resonance.

The experimental data which have rather small statistical errors are compared

T g
sf ¢ off resonance ——thasespace_-
f ~  -—-feynman-
VAV
- A
2
= F e
U NS Y |
05 66 07
——
b
34
=
=2
0.03- //,-‘\% "% . “‘“ 1
¥ S [ I
2 2w ) ]
% %ﬁm / ,’/ \ !
= =4 Nt
0 e . ~ A

. L PR N
126° 150° EB; 180°

Fig. 12: Experimental distributions of thrust T, triplicity T
reconstructed gluon energies xy, x¥ and reconstructeg
angles 69, 83 between gluons compaPed to predictions
based on various models for the Y direct decays and
for continuum events (PLUTO experiment).
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to three models, The 3 gluon decay.according to the QCD expectation, the

2 jet model and a simple statistical model. As one notices for all variables
the direct Y-decay data agree very nicely with the assumption of 3 gluon de-
cays. On the other hand, they disagree completely with the 2 jet model, which,
however, describes very well the off-resonance data. The statistical model is
in disagreement with both sets of data and is ruled out. Of course a more
sophisticated statistical model including clusters or resonances may be in-
vented to describe the Y-decay. This has not been done so far and it would
probably contain a number of arbitrary assumptions and several free parame-
ters. The analysis given in Fig. 12 can be refined by Dalitz-piot-1ike in-

.
vestigations‘l), but this would be beyond the scope of this review.

Very important information on the gluon spin can be obtained from the angu-

Tar distribution of the axis of the most energetic jet with respect to the

18)

beam axis. For a vector gluon {spin 1) as required by QCD one expects a

distribution of the form 1 + 0.39 cos*8. whereas for a scalar gluon (spin 0)

11)

it would go like sin®s. The experimental data (Fig. 13) agree nicely with

the expectation for the vector gluon and

exclude a scalar gluon. This finding has

N
[
!

(1/N)dN/d| cos B}
=
o ;/
]

been corrcborated by a Dalitz-plot ana-

1ysisll).

In conclusion it can be stated that

. - . f | L i 1 | I L l
the hadronic decay of the Y-particle 0.0 2 oL ot Y o

|cos ©]

has not only given evidence for 3
Fig 13

gluon jets, but indications for the The angular distribution of sphericity

axis relative to the incident beam for
Y direct decays. Predictions for gluon
spin 1 {full curve) and spin 0 (broken
curve).

vector character of the gluon have

also been obtained.
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The emission of giuons in the prodﬁction and fragmentation of a ag pair
manifests itself in a number of ways. Starting with global features and pro-

ceeding to detailed patterns one arrives at the following list:

1} The average transverse momentum P> of a jet is expected to
increase approximately linearly with the c.m. energy W. It is
remarkable that here a Tinear QCD effect occurs, whereas most

QCo effects have a log-dependence.

2) The increase of <p > should be due to comparatively few events,
since nard gluon emission is 2 rare process (~ 10%). The p,-

distribution shouid therefore develop a tail with increasing W.

3) Only one jet broadens with increasing W, since the emission of

2 qluons {one by each quark) is a rare process (<xs < 1.

4) The comparatively large Py of the gluon is transferred in the
fragmentation process preferentially to hadrons carrying a

large fracticon of the original quark momentum (sea gull effect).

wn
—

The emission of a gluon by a gaq pair is a process obeying 3

body kinematics and hence the events have to be planar.

6} If the gluon is emitted at a sufficiently large angle with
respect to the quark momentum the 3-jet pattern should become

visible.

7) The observed size of the cross section for giuon bremsstrahiung

should be consistent with QCD prediction.

8) As a consistency check one expects that the transverse momenta
relative to the 3-jet axis are 'normal', i.e. those found in

ordinary qq jets (< p> =300 MeV, independent of energy).
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In the following the experimental data referring to these predictions of

QCD will be reviewed. Obviously the most relevant criteria are number

5 and 6.

In Fig. 14 the TASSO resuItss’lg) for <pf> are shown as a function of the
0 } : }
c.m. energy W. Similar results were gev2

I —

e TASSO

‘
+

2
considerably with W in agreement + <Pr>

obtained by PLUT029) <pf> increases

with the QCD predictionzg) (point 1} +
_ =
and in contrast to qq jets without

gluon emission, where <pf>=’constant

| ! i
08 10 30 R

is expected. 2c.8.79 WiGeV] 2ez0s
: Fig. 14: The dependence of <pf> on the
' c.m. energy W = /s, as mea- .
sured by TASSO.

In Fig. 15 the distributions of <pf> are shown for two different energy

3,19)

ranges . Whereas for very Tow <p?> the experimental points for the

two energies agree the tail at

Q2 T T e .
© TTTTT T TTTTTTETTE T S high <pf> becomes much more pro-
N -y, TASSO 1 nounced at 30 GeV. This implies
© i 30
3> o'k g\‘ = that the increase of the average
W 5 3 .
\\ - - -
z E L S <pf> is due to relatively few events
e B v, \‘J——qa loqe0.45 Gewe) ]
., ™ with high p7 as expected for gluon
\6 I = g \‘\ =
- E \ ~ . - s s .
_ = N ~¢ a emission (point 2}.
.E' - AN \\\
- ~ e
- T 0 13-17 GeV ~ 4
07" L- e 27.4-316 GeV _} ' = i
E _ ~ I . . . .
E  qd(og-0306ev/s) ~7 7 Fig. 15: The distribution of pf for
L N two different energy ranges.
- 7 The dashed curves are the
02 Lt 1 | WS N S NSO S T W expectations for two diffe-
0 0.5 Ke) 15 2.0 rent parameters o, in the

2 (Gevsc) . - quark fragmentation function.

19.6.79 29173

P2
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In Fig. 16 the dependence of <gf> of the energy W 1is shown for the slim

20)

and broad jet separately, as observed by PLUTO . Simitar results were ob-

3’19). Because of statistical fluctuations and the selection

tained by TASSO
procedure applied for the two kinds of jets one cannot expect that even without
gluon emission the two jets should have the same <pj>. However, it is remarkable

that the energy dependence is completely different. Whereas <pi> of the slim

GeV/c)? ' —— - T . (GeV/c)?
e Cg_s— -qq Slim Jet FatJet ; 106
ok —adg + ! 104
<pf> -, T J <Q3>
0.2 {%é:—q‘:*‘i:' e 0.2
Tz 4
- (a)
[] " —1 " . n L []
40 20 0 20 v L0 QeV

Fig. 16: Average observed <pi> of charged particles 1in
the s1im and fat jet, respectively, as function
of the c¢.m. energy W, as measured by PLUTO.

Jet increases only slightly it grows by a factor of two for the broad jet

(point 3).

Finally the expectation has been tested if the quark momentum is transferred
preferentially to hadrons with large momentum {'sea gull effect'}. The PLUTO

resuitszo) (with TASSC having produced similar datag’lg)) are shown in Fig. 17.
Again it is found that P, increases essentially in the fat jet and there

mainly for large X = P/Ppay (POINt 4).

A1l these observations concerning the change of P with c.m. energy W or
normalized particle momentum X are in nice agreement with the QCD expecta-
tions. However, as has been indicated in Figs. 14 to 17, an alternative ex-
ptanation, although unlikely, cannot be exciuded entirely. This is the assumption
that <p,> of the jet fragmentation increases with W. If oq of the fragmentation

function is adjusted properly, an acceptable fit to the data can be obtained.
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|GeV) '-Ecm Ecm——(GE{\Q Vie)?
2 o ‘ ' vent
(GeV/e) 2 SimJet | Fat Jet i
|
0% | -0&2
) <p >
3,
02 I
(b)
; 0
- 27-32 GeV
| —qig 5
(] (g (0q=0350evc) |
<p12> <DL2>
e '_' 410
sk T N
, I ‘ | fc} 0
- 05 5.0 0.5 10
_Fig. 17: Plots of <pj ;> of charged particles as function of

Xp = P/pmax for s1im and fat jets in two separate

energy ranges as observed by PLUTD. The sclid and

dashed lines are qqg and qg predictions, respectively.

The dotted-broken line is calcuiated for qg jets with

an abnormaly high parameter oq of the quark fragmen-

tation.
There is no theoretical argument for such a dependence, however. Nevertheless
the data presented so far cannot be taken as final proof for the existence of

gluons. Hence one has to look for more specific gluon signatures.

Very characteristic for the emission of a gluon by cne quark of a qq pair is
the fact that because of momentum conservation the momenta of the three par-
ticles qqg have to be coplanar.The resulting 3 hadron jets therefore should

yield a planar event. If the giuon is emitted at large enough an angle wit
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respect to the quark momentum one should be able to observe the three-jet

pattern in the event plane,

To describe the flatness of events various variables have been introduced.

Oniy two will be considered here. By determining the thrust axis of an event
one can find the most erergetic jet. If the remaining momenta are projected
on a pfane perpendicular to the thrust axis one can determine in this plane

the direction of the larcest <p)i > This direction together with the thrust

axis determines the event plane, and the transverse momentum with respect
to the thrust direction lying in the event plane is called Plin: The mo-

mentum perpendicular to the event plane is designated by p (Fig. 18).

Lout

Fig. 18: .
Schematic representation of a 3
jet event. The thrust axis and
<py: > determine the event plane.
For'a planar event cne expects

2 2
<P out” << <p,|.1'n>'

Two-jet events are symmetric around the thrust axis and hence

<p ¢+ For a flat event one expects <p?. >> <p?

2 L xep? . >
4 1N ?LOU LN gout

Evidence for planar events was first obtained by TASSOlg)

. In Fig. 19 the
distribution for pfin and pfbut are displayed for the two energy ranges
13-17 and 27.4 to 31.6 GeV. In the lower energy range the measured distribu-
tions agree nicely with the qg fragmentation model. The pTiH distribution is
somewhat wider than the PTout distribution which is due to statistical fluc-
tuations in the fragmentafion process and to the selection procedure for PTin-
In the 30 GeV range, however, the PTin distribution develops a Tong tail

whereas the PTout distribution remains normal.The long tail cannot be explained

by qq fragmentation even if the average <p, > of the fragmentation process is
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5

[
=

; | Py <p$)w

Lg |
Fig. 19: gwf' E_:q?g:moc‘evm
- e |

i i
The mean transverse momentum squared g o
normal to the event plane <pf o,¢>
and in the event plane <pfin > per
event for the low and the high energy
data as observed by TASSO. The curves \
show the predictions of the gq modei o " < <Piom
with oq = 0.3 GeV/c (solid) and Zw 100 274- 216 Ge¥
0.45 GeV/c (dashed). @ ‘ - :g;:::gi';gﬁz}

E saff ol

= o

m— .
I 1“. t:"".“-\nﬂlnmr—r(nt Cnla o

Qi Oraz 0 02 04 08 0B ig 12 1L
78N <pd> (Gev/c)? —

increased (dashed curve). The events in the tail have to be attributed to a
planar process, indicating gluon emission at high energies whereas no effect
is seen at lower energies. Similar data have been obtained by other experi-

mentsz’zo).

A\
In the MARK J detector21’ the energy flow is measured calorimetrically and not
the momentum. Also a different variable is used to characterize the events.
The oblateness is defined by
- |
0 - lEin‘ lEout‘

L s
vis

- >
where Ein and Eout are the directed energy flows (Poynting vector) in the

directions defined in Fig. 18 and Evis is the total visible energy of the
event. For events containing 3 separated jets one has O=<? p;g?uon>'/ W,

where Py is the transverse gluon momentum with respect to the quark

gluon
momentum and W is the c.m. energy. The interesting property of the oblate-

ness lies in the fact that details of the properties of the fragmentation
function cancel out. This assertion was corroborated by Monte-Carlo calcula-

tions for some important cases.
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Fig. 20 Vs (Gev)

Fig. 20: The average oblateness <@> as function of /s compared
with the prediction of qq {dashed curve) and cqg model
(full curve). Experimental points from the MARK J experi-
ment. Also shown are points in the qgq model under diffe-
rent conditions:
point X: <p.>
function D(z)
point Y: <p,>

425 Mgv instead of 325 MeV, fragmentation
(1-z)% 3
325 MeV, D{z) = const. for ¢ and b quarks.

In Fig. 20 the dashed line indicates the expectation of <&> for the normal

qq fragmentation model (<p > = 325 MeV, D(z) = (1-z)®. Point X indicates

the @-value if P> is increased to 425 MeY. If the fragmentation function

is changed drastically {D(z) = const for ¢ and b quarks) point Y is obtained.
In both cases only a very small change of <@> is indeed produced. The experi-
mental points of the average <0> shown in Fig. 20 compietely disagree with
the qq model but agree very nicely with the assumption of gluon emission which

yields higher @'- values, i.e., flatter events.

In Fig. 21 the @-distributions are displayed for the two energy ranges. Here
one notices in a very convincing way the agreement of the experimental data

of MARK J21)

with the assumption of gluon emission whereas the different ver-
sions of the qq model are ruled out. Indeed the oblateness seems to be sen-

sitive enough to indicate gluon emission even at 17 GeV.
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10+ - ©r 7
17 GeV

27.4+30+316 GeV

446 EVENTS

:ZF:
T|O -
—< . QQG
|0\ 4 01 NN -
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<P - 325MeV N
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) { ] L | I L~ GG
0 01 02 03 04 0 0 02 03 A
V) V]

Fig. 21: Oblateness distribution as observed by the MARK J experiment.for‘
two different energy ranges. The solid curves are predictions_
based on the gqg model and the dashed curve on the standard qg
model_(<p, >= 325 MeV). The dashed-dotted curve corresponds to
the qq model with <p > = 425 MeV.

In conclusion the data of all experiments show the existence of planar

events (point 5 of the 1ist) and the gquantitative results are in good agree-

ment with gluon emission. A more detailed analysis of flat events by means

3,19,20,22)

of Dalitz-plots cannot be discussed here.

Finally one would 1ike to see the 3-jet pattern {point 6 of the Tist). All
experiments have seen some events which display quite convincingly the three

jets and one example is shown in Fig. 22. MARK J.has provided21)

the first
statistically relevant observation of the 3-jet pattern. In Fig. 23a) a polar
diagram of the energy flow in the event plane is shown. Different events have
been oriented by putting the thrust axis on top of each other and making the

second Targest jets to lie on the same side. Pianar events were selected by

the cuts T < 0.8 and @>0.1. The 3-jet structure can be seen. To show in a
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Fig. 22: el N\
txample of a 3-jet event (PLUTO) Lol
HMomentum vectors of an event =31.6 L .
Gev) with high triplicity and Igw L '
thrust projected onto the triplicity -
plane {top left), onto a perpendi- 0

cular plane normal to the fastest
jet (top right) and onto a plane [
containing the direction of the gL
fastest jet (bottom). Solid and hl
dotted Tines correspond to char- L //
ged and neutral particles, respec- e TV —— I

tively. The directions of the jet | . EVENT 2582
axis are indicated as fat bars near B i cot — RUN 71310
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Fig. 23: a) Energy distribution in the event plane. The energy value

is proport1ona1 to the radial distances. The dashed
Tine is pred1ct1on of the qqg model.

b) Energy flow in the event plane as function of the polar
angile ¥.

(MARK J data)
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better way the statistical relevance the data are displayed in Fig. 23b
as function of the polar angle ¥. Statistically the experimental results

agree nicely with the gluon emission pattern (%*

= 67/70}, whereas a simple
statistical model is excluded (x* = 222/70). As important is the behaviour
of this pattern as a function of thrust T. If events with T > 0.8 are selected
the small lobe which is supposedly the gluon jet disappears with T - 1. This

is exactly the behaviour predicted by QCDZ3).

The final question {point 7) concerns the production rate of gluons. Each ex-
periment has 6f the order of about 40 flat events. The precise number depends
on the particular cuts chosen to select these events. Since these cuts are
somewhat different in each experiment it is not possible to take all data to-
gether to improve the statistics. For each experiment the number of planar

events agrees with the expectation gf QCD within the statistical errors.

Finally a consistency check can be made. If the planar events found are due
to gluon emission and not to a strange behaviour of the fragmentation process
one should expect that the transverse momenta of the hadrons with respect to

the 3-jet axis should be normal, i.e. <p,>=300 MeV. In Fig. 24 the distri-

L
. 3,19) . . " PRELIMINARY
bution of P relative to the 3-jet T . T T asso
, . . 0 274-316GeY |
axis are shown, and indeed it Tooks " blanar events
i
normal. L 8- ' N
N
2 5|- .
In conclusion it can be said that EEJ:‘_ i
=2
evidence for the existence of gluon- <o i
bremsstrahlung has been given. One OFW L ! . ! A
o a4 02z 03 04 05 06 Q7

might argue which of the various <pbeRJE#Gde1

Fig. 24: Distribution of the average
pT per jet for noncollinear planar
events (S > 0.25, 3/2 Q; < 0.04) ana-
lysed as three jet events.

(TASSO data.)

steps described above was the essen-
tial one. Certainiy points 5 and 6

are of great relevance. However, it
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is my opinion that it is the sum of all the experimental results mentioned

above which make an alternative interpretation very unlikely.

The existence of gluons could be inferred both from the Y-decay and gluonic
bremsstrahlung. From the Y-decay arguments could aiso be given for the vector
character of the gluon. One essential prediction of QCD remains to be proven,
however. This is the self-interaction of gluons due to their colour charge.

Unfortunately there exists no easy way to test this phenomenon.

6) Two-photon process

At lower energies e"e” annihilation proceeds mainly by one virtual interme-
diate photon ete™> y~hadrons. At high energies it is overtaken by an other
process where each of the two colliding particles emits a virtual photon and
consecutively the photons collide and produce hadrons. One of the interesting
aspects of this process is the fact that the hadronic state has charge con-
Jugation € = +1 in contrast to one-photon annihilation with C = -1. As a con-

sequence different kinds of resonances can be produced.

Experimentally the two processes can be separated quite cleanly either by
observing the forward scattered electrons or by cutting on the total visible
hadron energy. Whereas in l-photon processes basically the total c.m. energy
geos into hadrons, only a small fraction is available in 2-photon processes
since most of the energy is kept for forward going electrons. At PETRA the

2-photon process was first observed by PLUT024)

. The photon-photon total
cross section is shown as a function of the visible energy in Fig. 25 for

a <g*> value of 0.1 GeV?. At high c.m. energies the data agree with the ex-
pectation from vector dominance with Regge exchange and including a p form

factor to account for the virtuality of the photon. Towards lower energies the
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o; +£0] Fig. 25:

T T 7 PWIO |

<Q2>=01GeV?

1500+ 4 The total cross section for 2-photon

interactions versus the visible hadron

enerqy Hyis at <Q* >= 0.1 GeVZ.

1000F F—}—%~--- 1 The dashed part of the error bars indi-

cates the range in W that contributes
h_{_qn. ) | to the data point. The data points are

N —— L . compared to a Regge-exchange model (so-

N —— 4 1id 1ine) and to contributions from
. e m———t % - e pointlike photon-quark coupiings (dashed

Whis line).

500}

cross section shows a stronger rise than the Regge-model would predict. The
difference might at least partly be due to point-Tike quark-photon couplings

even for almost real photons.

Two-photon reactions of the type e+e_+u+u- have been observed by MARK Jl).
The 2-photon processes are a new wide field which has just been opened and

which will be an interesting subject to study in the coming years.

7) Search for free gquarks

If a new energy regime becomes available by the commissioning of a new
accelerator one has to look for free quarks to find out if there is an energy
threshold for quark confinement. The JADE experiment cannot only measure the
track of a charged particle at 48 different points but can at the same time
sample dE/dx at all these points. Knowing dE/dx and p a search for fractio-
nally charged particles has been carried out. No signal has been seen and the
preliminary 11mit52’25) for masses > 3 GeV relative to the point-Tike

cross section are R < 0.08 for quarks with integer charge and R < 0.1

for guarks with 2/3 charge.
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